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Abstract. Macroalgae drive the largest CO2 flux fixed globally by marine macrophytes.
Most of the resulting biomass is exported through the coastal ocean as detritus and yet almost
no field measurements have verified its potential net sequestration in marine sediments. This
gap limits the scope for the inclusion of macroalgae within blue carbon schemes that support
ocean carbon sequestration globally, and the understanding of the role their carbon plays
within distal food webs. Here, we pursued three lines of evidence (eDNA sequencing, Bayesian
Stable Isotope Mixing Modeling, and benthic-pelagic process measurements) to generate
needed, novel data addressing this gap. To this end, a 13-month study was undertaken at a
deep coastal sedimentary site in the English Channel, and the surrounding shoreline of
Plymouth, UK. The eDNA sequencing indicated that detritus from most macroalgae in sur-
rounding shores occurs within deep, coastal sediments, with detritus supply reflecting the sea-
sonal ecology of individual species. Bayesian stable isotope mixing modeling [C and N]
highlighted its vital role in supporting the deep coastal benthic food web (22–36% of diets),
especially when other resources are seasonally low. The magnitude of detritus uptake within
the food web and sediments varies seasonally, with an average net sedimentary organic
macroalgal carbon sequestration of 8.75 g Cm2yr1. The average net sequestration of par-
ticulate organic carbon in sediments is 58.74 g Cm2yr1, the two rates corresponding to
4–5% and 26–37% of those associated with mangroves, salt marshes, and seagrass beds, sys-
tems more readily identified as blue carbon habitats. These novel data provide important first
estimates that help to contextualize the importance of macroalgal-sedimentary connectivity for
deep coastal food webs, and measured fluxes help constrain its role within global blue carbon
that can support policy development. At a time when climate change mitigation is at the
foreground of environmental policy development, embracing the full potential of the ocean in
supporting climate regulation via CO2 sequestration is a necessity.
Key words: benthos; blue carbon; carbon cycling; climate change; ecosystem connectivity; food web;
macrophyte; mitigation; Paris Agreement; trophic subsidy.
INTRODUCTION
The 2015 Paris Agreement has been ratified by 195
parties. If successfully implemented, it sets the world on
a course to avoid average global warming above 2°C,
through a reduction of carbon dioxide and other green-
house gas emissions. We understand that the ocean
should be part of this process, as a vital regulator of the
global carbon cycle and housing major stores of carbon
(Le Quere et al. 2016). Indeed, the potential for
improved management of these “blue carbon” stores and
habitats to reduce CO2 emissions has been recognized
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within National Determined Contributions; that is,
national commitments made within the agreement, and
there is potential to expand these actions (Gallo et al.
2017, Macreadie et al. 2017). The term “blue carbon”
refers to carbon sequestration in the ocean, primarily by
vegetated coastal habitats including mangroves, seagrass
beds, and salt marshes, where atmospheric CO2 is fixed
as part of a stable living biomass store, and organic mat-
ter trapped within sediments provides long-term storage
(Mcleod et al. 2011). Nowhere else in the coastal and
open ocean is the full blue carbon cycle (from fixing of
CO2 to permanent sequestration) known to occur within
single habitats (Nellemann et al. 2009, Duarte et al.
2013, Howard et al. 2017). Therefore, initiatives that
strive for the conservation of blue carbon have not often
considered other ocean or coastal habitats (Howard
et al. 2017, Krause-Jensen et al. 2018). In the Domini-
can Republic, Vanuatu, and elsewhere, Nationally
Appropriate Mitigation Actions and other policy frame-
works seeking to limit greenhouse gas emissions and glo-
bal climate change through ocean conservation have
thus primarily focused on protecting these three habitats
(Laffoley 2013, Hejnowicz et al. 2015).
However, in the context of the global carbon cycle,
other habitats and ecosystem components exist that rep-
resent important steps of the blue carbon delivered by
the global ocean. For instance, macroalgae have large
standing biomass and production rates. With a much
wider global distribution than mangroves, seagrass beds,
and salt marshes, macroalgae are thus the most produc-
tive marine macrophytes at the global scale, and it has
long been suggested that they make a large contribution
to the global C sink (Smith 1981, Duarte and Cebrian
1996, Gattuso et al. 2006). Because macroalgae occur
predominantly on rocky shorelines and shallow reefs,
where there is limited potential for storage of organic
carbon, up to 80% of the organic carbon they fix can be
seasonally exported (Krumhansl and Scheibling 2012).
Indeed, of the estimated 1,521 Tg C/yr global net pri-
mary production of macroalgae, it is estimated that
323 Tg C/yr are exported from shorelines as particulate
organic carbon, with 89% of this material assumed to
stay in the coastal ocean (reviewed by Krause-Jensen
and Duarte 2016). Further estimates of what fractions
of this carbon are sequestered or re-mineralized coast-
ally are largely missing, with existing data derived from
laboratorial studies; in situ measurements are virtually
absent. The fate of this carbon is therefore largely
unknown, raising important questions concerning trans-
port mechanisms, whether and where it becomes seques-
tered, and if so, at what rate (Krause-Jensen and Duarte
2016). We know that through this and similar processes,
the land–ocean continuum contributes to the net annual
growth of long-term open ocean carbon storage in mar-
ine sediments (Regnier et al. 2013). But large uncer-
tainty remains around the actual size of these fluxes, as
well as the identity and magnitude of all the processes
contributing to them (Le Quere et al. 2016). Measuring
and managing the whole blue carbon capacity of the glo-
bal ocean, to maximize the use of this natural storage
toward reduced CO2 emissions, therefore requires a
stepped improvement in our understanding of the con-
nectivity between the individual ocean components that
deliver the various parts of global blue carbon, in addi-
tion to that delivered by coastal vegetated habitats (Polis
et al. 1997, Smale et al. 2018).
Meeting these objectives requires a wider scope than
simply estimating the accumulation of macroalgal and
other organic carbon on the seabed (i.e., sedimentation).
Specifically, a more comprehensive quantification of the
fraction of that carbon that is retained by the benthic
compartment, over the seasonal cycle, requires the con-
sideration of processes mediated by benthic faunal com-
munities (Snelgrove et al. 2018, Lessin et al. 2018).
Carbon sequestration on the seafloor is usually inferred
from field measurements and modeling that consider sed-
imentation rates and other physical processes. Most
often, these approaches neglect the vital role that seabed
organisms play in determining influx and efflux of carbon
at the sediment–water interface, and their contributions
toward net carbon sequestration (Middelburg 2018, Snel-
grove et al. 2018). These processes include: active flushing
of the seabed via bioirrigation (which promotes the
uptake of solutes and suspended particles; Kristensen
et al. 2012); active transport of particulates via bioturba-
tion (Kristensen et al. 2012), which will promote the
uptake of organic matter deposited at the surface of sedi-
ments at depth; and the large effect on carbon mineraliza-
tion rates driven by sedimentary community respiration
(Glud 2008). The importance of these globally relevant
processes (Snelgrove et al. 2018), which occur throughout
80% of the ocean seafloor (Byers and Grabowski 2014)
and largely outside of fringe habitats such as wetlands,
has not been recognized in the context of blue carbon,
and especially not in the context of blue carbon in an
organic carbon donor and sink framework (Polis et al.
1997, Hill et al. 2015, Smale et al. 2018). It is therefore
likely that blue carbon estimates that have neglected these
processes may underestimate globally relevant carbon
exchanges at the seabed surface (Burrows et al. 2014) and
ignore ecosystem components involved in this exchange.
The role of macroalgal beds in supporting proximal food
webs is well documented (Graham 2004); understanding
their wider connectivity to distal food webs, and benthic
processes within these, is now needed to unravel connec-
tivity processes underpinning global blue carbon (Hill
et al. 2015, Smale et al. 2018).
Here, we address these questions focusing on one of
the most comprehensively studied coastal benthic-pela-
gic systems in the world: Station L4, off of Plymouth in
the Western English Channel (Smyth et al. 2015). Dur-
ing a 13-month research program, we combined environ-
mental DNA (eDNA) sequencing (Bohmann et al.
2014) and Bayesian Mixing Modeling of bulk stable iso-
tope data (Phillips et al. 2014) as complementary bio-
tracing techniques (Nielsen et al. 2018) with direct
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benthic-pelagic process measurements, to investigate
three questions: (1) Can macroalgal detritus be found on
the seafloor of the deep coastal ocean? (2) If so, how
important is macroalgal detritus to the coastal benthic
marine food web, relative to other carbon sources? (3)
What is the net sequestration of organic macroalgal car-
bon in these coastal, deep sediments? We employ the
term “deep” throughout referring to coastal sediments
that occur in the deeper, subtidal regions of the coastal
ocean, outside of coastal vegetated habitats.
The linkage of the benthic community at the Station
L4 to phytoplankton phenology has been previously
documented, and the basic phenology of coastal
macroalgal detritus export has been investigated
(Queiros et al. 2015b, Smale and Vance 2015, Zhang
et al. 2015). Furthermore, that this macroalgal detritus
may make a potentially important contribution to
organic detritus reaching the seabed at L4 was suggested
almost a century ago (Hunt 1925). However, at Station
L4 as in the majority of the world’s ocean, we had no
understanding of whether it did, or what role this
organic carbon may play in supporting the coastal ben-
thic food web and blue carbon. For instance, rafts of
reproductive fronds of macroalgae such as Himanthalia
elongata (Linnaeus) are routinely observed on the water
surface near and beyond Station L4 (Queiros, personal
observation), but the exact location of their shore of ori-
gin, or the potential fate of their organic carbon is
unknown. We hypothesized that the large export of
detritus from local macroalgal beds (Smale and Vance
2015) may represent an important source of organic
detritus to the L4 sedimentary system, especially during
winter months, when plankton biomass is low (Smyth
et al. 2015) and storm-driven macroalgal biomass loss
from the shore may be most significant. This study
aimed to provide a first basis quantification of the con-
nectivity between macroalgal beds and sedimentary sys-
tems in the deep coastal ocean.
MATERIALS AND METHODS
A seasonal program
The sampling program took place over seven time
points (May, July, September, and November 2015, and
January, March, and May 2016); it is summarized as a
schematic diagram in Appendix S1: Fig. S1. At each
time point, shore surveys of macroalgal beds around
Plymouth Sound were complemented by sampling at
Station L4 (Fig. 1) on board Plymouth Marine Labora-
tory’s RV Plymouth Quest and associated, lab-based
benthic-pelagic process measurements. Stable isotope
tracing studies are influenced by spatial and temporal
variations in the isotopic values of both sources and con-
sumers (Miller and Page 2012, Dethier et al. 2013, Kopp
et al. 2015) and this has been identified as a challenge in
studies tracing macroalgal carbon (Hill et al. 2015). We
avoided this challenge by fixing our sampling locations
to limit spatial confounding and undertaking a finely
resolved seasonal sampling program to characterize tem-
poral variability in the processes and variables assessed
in this study. This variability was taken into account
throughout our analyses.
Shore surveys
As in the rest of the global ocean, we did not initially
know the precise hydrodynamic path of macroalgal
detritus transport between the shores bordering Ply-
mouth Sound and the sampled sediments at Station L4.
We therefore selected two macroalgal shore communities
that were potentially suitably placed geographically to
generate detritus that could reach Station L4 through
surface and water column transport (Fig. 1; Krause-Jen-
sen and Duarte 2016). Sampling more than one macroal-
gal community was important because location can
affect the elemental and isotopic characterization of
individuals, which affects Bayesian Stable Isotope Mix-
ing Modeling (Phillips et al. 2014). The two sites sam-
pled were Rame Head (50°18041.9″ N 4°13015.9″ W) and
Plymouth Hoe (50°21049.3″ N 4°08028.9″ W; Fig. 1).
FIG. 1. The Western Channel Observatory, UK, showing
the main sampling sites in this study (Station L4 and its associ-
ated benthic monitoring site), as well as the coastal macroalgae
sampling sites (Plymouth Hoe and Rame Head). The bathyme-
try shown was interpolated to 10-m resolution from the United
Kingdom Hydrographic Office’s sounding, single-beam, and
multi-beam data.
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Based on records held for the region by the UK Archive
for Marine Species and Habitats Data at the start of the
study (September 2014) we sampled the dominant
coastal macroalgal species in the intertidal and fringe
subtidal (Laminaria hyperborea (Gunnerus), Saccharina
latissima (Linnaeus), Fucus serratus (Linnaeus) and
Himanthalia elongata (Linnaeus)). On each sampling
occasion, tissue samples were collected by hand at low
water, from three distinct individuals per species. These
samples we used in subsequent elemental and stable iso-
tope analyses. The technique used for sample collection
is described in Appendix S2. This sampling was com-
bined with literature searches on each species life-history
to define a preliminary seasonality for detritus export.
Seabed sampling
Coastal soft sediments were sampled from Station
L4’s benthic monitoring site (50o13022.70 0 N 4o11023.0″
W, Fig. 1, also known as Hilmar’s Box). This site is
located 13 km south-southwest of Plymouth, off
Plymouth Sound, and is approximately 48 m deep
(Smyth et al. 2015). The seabed is characterized as
sandy mud (Queiros et al. 2015b). The sediment surface
is covered by a bottom water layer of varying thickness
comprised of detritus, fine sediment, and living organ-
isms, that is flushed and resettled within the tidal cycle
(the “fluff layer”). General hydrological conditions of
the site are characterized by a combination of the
coastal influence of the Tamar estuary, and water col-
umn thermal stratification typically observed in the UK
continental shelf during summer months (Smyth et al.
2015). On each date, sampling was undertaken as close
as possible to slack water after high tide, to maximize
the ability to capture the fluff layer. On each occasion,
four cores (10.5 cm inner diameter) were collected from
four separate deployments of a multi-corer to support
the stable isotope and eDNA work. Although the multi-
corer collects four cores simultaneously, we used only
one core from each deployment to reduce the risk of
changes to measured pools and processes during waiting
time on deck reflecting core processing, and to improve
the spatial coverage of the samples collected at each time
point. This gear retrieves a sediment core (~15 cm deep)
and seals the bottom water above it (~70 cm column)
preserving the structural integrity of the core and sedi-
ment water interface during retrieval to the deck. Addi-
tionally, eight squared sediment cores (12 9 12 cm inner
diameter) were collected during each sampling trip,
using four separate deployments of a US-NL box corer
(Plymouth Marine Laboratory, Plymouth, UK) (two
paired squared cores per deployment, 0.1 m2), taking
care to preserve the water layer above the sediment.
These squared cores had the bottoms immediately sealed
on deck, and were individually aerated and kept cool
and shaded during transport to Plymouth Marine Labo-
ratory for benthic-pelagic process measurements. A
CTD was deployed midway through each sampling day
(Rosette mounted SeaBird sensors SBE 19 plus and
ancillary dissolved oxygen sensor SBE 43, Plymouht
Marine Laboratory, Plymouth, UK) to acquire tempera-
ture, salinity, and dissolved oxygen depth profiles.
Deck processing of multi-cores: water samples.—Once on
deck, the temperature of the water in each corer tube
was immediately recorded with a digital thermometer.
The water at the top of each corer tube (70 cm above the
sediment water interface, hereafter, top water) was sam-
pled to determine the d13C of dissolved inorganic carbon
(DIC), and d13C, d15N, total particulate carbon (TPC),
particulate organic carbon (POC), and total particulate
nitrogen (TPN) content of suspended particulate organic
matter (SPOM). These measurements were repeated in
the fluff layer, as both layers were considered to contain
material immediately available to the benthos at the sedi-
ment–water interface. The water within the fluff layer
was visibly distinct from the remaining bottom water
column due to the high concentration of suspended
material (organic and inorganic, data not shown).
Within both water layers in each multi-core, the d13C
of DIC was determined from ∑CO2 evolved by acidifica-
tion in a Helium gas headspace. Details of this technique
are provided in Appendix S2. Exetainers (Labco, Lamp-
eter, UK) treated in the same way but onto which no sam-
ple was injected (hereafter, control) were exposed to the
same transport and preservation conditions as the sam-
ples and were used to assess sample contamination with
atmospheric CO2 during storage (6 months maximum).
DIC water samples and controls were kept at 4°C in a
dark fridge until processing, with Exetainers positioned
cap side down to reduce the potential for sample contami-
nation through diffusion of atmospheric CO2 via the
newly perforated cap septum (Waldron et al. 2014).
Suspended particulate organic matter samples from
both water layers in each multi-corer tube were acquired
through on-deck filtering of tube water onto GF/F grade
filters that had been prepared by combustion (425°C,
Fisher). Each of the two water samples was gently flushed
through the filter using a vacuum pump and pre-acid-
washed glass filter holders, until no more water could be
filtered (i.e., the filter became clogged). The remaining
water in the vacuum funnel was then gently syphoned off
and the water volume filtered was recorded. These values
were used to help determine the concentration of POC in
suspension near the seabed, within each of the two water
layers. These, in turn, were used in subsequent net organic
carbon sequestration and blue carbon sequestration cal-
culations. Each filter was immediately removed into a
new, sterile Petri dish, which was closed and covered in
foil to avoid photo-degradation, and preserved upright at
20°C until processing. SPOM collected at 70 cm above
the sediment was included in the Bayesian stable isotope
mixing model analyses as a potential organic matter
source, to capture any potential organic material of dif-
fuse origin that may have been available to the seabed
(e.g., derived from the Tamar estuary) in addition to the
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pure sources we targeted explicitly (macroalgae, and
phyto- and zooplankton).
Processing of multi-cores: sediment and fauna samples.—
After water sampling, the remaining water in each corer
tube was gently syphoned off and discarded, avoiding
disturbance to the sediment–water interface. Each multi-
corer tube was then mounted onto a custom-built core
slicer for processing. A 2.5-mL sterile syringe (0.5 cm
inner diameter, 0.6 mL), which had the bottom cut off,
was used to collect the top 1 cm of sediment. This sec-
tion would then be used to assess the presence of
macroalgae using eDNA sequencing. The sampled sedi-
ment was immediately transferred into a sterile Eppen-
dorf tip and frozen in liquid nitrogen until retrieval to
the laboratory, where it was stored at 80°C until
processing.
The remaining material in the top 2-cm layer of each
core was then sliced and sampled for meiofauna, macro-
fauna, and bulk sediment (BSed). A 50-mL pre-acid-
washed and autoclaved syringe, which had the bottom
cut off, was used to sample meiofauna (13 mL) and the
sediment transferred into a pre-acid-washed and auto-
claved 50-mL falcon tube. The same syringe was used to
collect BSed, using the same type of falcon tube. The
remaining surficial sediment slice (150 mL) was trans-
ferred to a pre-acid-washed and autoclaved sealable glass
jar, which was kept cool using a cooling box and ice
packs during transport to the laboratory. This sediment
sample would be used for macrofauna assessments. This
sampling procedure was repeated in deeper sediment lay-
ers, 2–6 cm depth and 6–10 cm depth, from which BSed
(26 mL) and macrofaunal samples (354 mL) were also
collected.
Samples were returned to Plymouth Marine Labora-
tory (typically, four to six hours later) where all meio-
fauna and BSed samples were frozen at 20°C until
processing. Conversely, each macrofaunal sample was
kept at 4°C, and manually sorted under a dissection
microscope within the following 24 h. This procedure
avoided isotopic degradation that results from bulk
preservation of macrofauna within sediments (Dann-
heim et al. 2007). All individuals were picked, taxonomi-
cally identified, fresh weighed, and frozen in MilliQ
water at 80°C until further processing, using glassware
and tools that had been prepared through acid wash and
autoclaving. Resulting taxonomic lists per sample were
crossed-referenced with the World Register of Marine
Species and additional literature searches to establish
feeding modes, and thus functional changes in the com-
munity over the year that could explain changes in
resource use (data available online).8
Sampling of plankton communities as organic carbon
resources.—In addition to onshore macroalgae and off-
shore SPOM, we also collected samples to isotopically
characterize plankton at Station L4 (main site,
50o1500.0″ N 4o13012.0″ W, Fig. 1), which is a known
food source to the studied coastal sediments. Phyto- and
zooplankton communities in the water column at Sta-
tion L4 were therefore sampled within two weeks of each
of the Station L4 sediment sampling occasions. Samples
were collected on board the RV Plymouth Quest using
Apstein (20 lm) and WP2 (200 lm) nets, respectively.
Nets were cast to 20 m and 48 m depth, respectively,
and hauled vertically at ~20 cm/s to the surface, from a
stationary ship. This ensured that we sampled the iso-
topic signal from actively growing phytoplankton in the
upper mixed layer (Apstein net) as well as that from
mesozooplankton, which can actively transit the whole
water column (WP2 net). The cod end contents were
concentrated on deck using clean, plexiglas, mesh-bot-
tomed sieves of corresponding mesh size and transferred
into 50-mL pre-acid-washed falcon tubes. All of these
had been prepared by acid wash and then deep rinsed
with local seawater before sample collection. All samples
were refrigerated during transport to Plymouth Marine
Laboratory and then stored at 20°C in the dark until
processing.
Sample processing and analysis
eDNA extraction, amplification, sequencing, and sequence
analyses.—A full description of the molecular methods
employed can be found in Appendix S2. In brief, eDNA
was extracted from sediment samples using the Qiagen
Dneasy PowerSoil (Qiagen, Hilden, Germany) extrac-
tion kit following the manufacturer’s guidelines. The V9
region of the 18S rRNA gene was amplified using
Earthmicrobiome project 18S rRNA gene universal
primer pair Euk1391F (GTACACACCGCCCGTC) and
EukBr (TGATCCTTCTGCAGGTTCACCTAC) (avail-
able online).9 This primer pair is based on those first
published by Amaral-Zettler et al. (2009) but has been
subsequently modified to minimize amplification of bac-
teria and archaea. The pair was chosen as it is known to
amplify a diverse range of seaweed sequences, including
the focal species we targeted within this study. Sequenc-
ing was carried out using MiSeq by commercial contract
(Mr DNA, Molecular Research LP, Shallowater, Texas,
USA). Distinct Operational Taxonomic Units’
sequences were then allocated to taxa at the lowest possi-
ble taxonomic resolution using the Basic Local Align-
ment Search Tool (BLAST) of the National Centre for
Biotechnology Information (NCBI, U.S. National
Library of Medicine), and then individually quality con-
trolled. We report here on minimum percent homology,
that is, the minimum match between a sampled sequence
and a (set of) record (s) in the NCBI BLAST (SI), which
can be used as a measure of confidence in the sequences
reported in this study. The retrieved list of taxa was
cross-referenced manually in the World Register of
8www.marinespecies.org 9www.earthmicrobiome.org
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Marine Species (see footnote 8) to isolate macroalgae,
verifying their habitat (only marine species were
included) and taxonomic classification. Taxa sequenced
only one time (i.e., only one sequence in all samples)
were considered spurious sequencing results and
excluded from subsequent analysis. The resulting DNA
occurrence records for individual macroalgal taxa (low-
est level possible) in L4 sediments was analysed in PRI-
MER 6.0 (v6.1.11; PRIMER-E Ltd, Plymouth, UK).
Bray-Curtis similarity of the taxa sequence count by
sample matrix was square-root transformed to down-
weight common taxa in all analyses. Nonmetric multidi-
mensional scaling (nMDS) plots were used to visualize
key groupings among sampling dates reflecting similar-
ity in the taxonomic composition of macroalgal DNA
detritus in sediments. The statistical significance of dif-
ferences among dates was tested using one-way analysis
of similarity (ANOSIM), considering sampling date as
the predictor and 999 permutations. Taxonomic differ-
ences between date groups were analysed using the simi-
larity percentages routine (SIMPER).
Analysis of d13C in DIC samples.—The stable isotope of
carbon in CO2 gas released into the headspace of Exe-
tainers containing the DIC water samples was analysed
using a Gas-bench II connected to a DeltaPlus Advan-
tage isotope ratio mass spectrometer (both Thermo Fin-
nigan, Bremen, Germany; James Hutton Institute,
Dundee, UK). The technique employed is detailed in
Appendix S2. No CO2 intrusion was detected in control
Exetainers, analysed in the same way.
Carbon and nitrogen assimilated and buried by macro-
fauna.—All phyto- and zooplankton, macrofauna,
macroalgae, filters, and BSed samples were processed
prior to elemental scans (C and N content) and stable
isotope determination (d13C, d15N) of TPC, POC, and
TPN. The processing method is detailed in Appendix S2.
Elemental analysis was undertaken using a constant
flow isotope ratio mass spectrometer (Sercon model 20-
20s, dual turbo pumped, CF/IRMS) connected to a
Thermo EA1110 elemental analyzer, NC dual tube con-
figured, with a high performance Carbosieve G separa-
tion column (OEA Labs, Callington, UK). The
technique employed is detailed in Appendix S2.
Carbon assimilated by meiofauna.—The techniques
employed to wash meiofauna samples are detailed in
Appendix S2. All glassware and materials were briefly
acid washed as before. From each sample, 100–120
picked nematodes that had been cleaned of sediment
were placed in an oven-muffled (550°C, overnight) alu-
minum cup (5.25 9 3.2 mm), which was filled with two
drops of Milli-Q; for each cup, the number of nematodes
was registered. These cups were then placed in a multi-
well plate and oven-dried overnight at 60°C; they were
then crimp-closed in preparation for C elemental analy-
sis. During each working session in the lab, a number
of control cups were run to assess laboratory contamina-
tion; these cups were treated in the same way as the sam-
ple cups but only contained two drops of Milli-Q.
Elemental analysis of these control samples showed no
C contamination. Prepared sample masses ranged
between 7 and 30 lg C, with an average of 12 lg C. Ele-
mental screening for POC and isotopic determination of
d13C was undertaken as for macrofaunal samples.
Bayesian stable isotope mixing modeling.—The package
MixSiar (Stock and Semmens 2016a) for R (version
3.4.1; R Core Development Team, Vienna, Austria) was
used to construct Bayesian Stable Isotope Mixing Mod-
els (SIMM) to partition the sources of organic matter
used by macrofauna (and meiofauna), as well as that
available within sediments, over the studied seasonal
cycle. MixSIAR uses Markov chain Monte Carlo
(MCMC) methods to estimate diet mixes, expressed as
posterior probability distribution functions, based on a
generalist prior and, in this case, bulk stable isotopes as
biotracers (Stock and Semmens 2016a). This approach
accounts for the variability in sources, as measured over
the seasonal cycle, as well as unknown sources of error
(appropriate for undetermined systems such as estuarine
areas) and provides information about the uncertainty in
diet mixes generated by each model (Parnell et al. 2013).
We built separate models for macrofauna, meiofauna,
and sediments (BSed), considering the following sources:
SPOM at 70 cm above the sediment water interface
(hereafter, SPOM70), phytoplankton, zooplankton, and
macroalgal communities sampled at two shore sites; all
aggregated per source and time point.
We built separate models for macrofauna within each
sediment layer (0–2, 2–6, and 6–10 cm) to discriminate
whether the influence of food sources was discernibly
variable with sediment depth. Initial tests showed that
this approach provided better MCMC convergence than
constructing one single model for all macrofauna across
the 10 cm deep core. All models for macrofauna were
built using isotopic and elemental content referring to
particulate organic carbon (POC) and total particulate
nitrogen (TPN). The source input matrix contained the
mean and standard deviation of the d13C and d 15N of
each source (over the seasonal cycle), their elemental
concentration of biotracers (i.e., C and N); and data
sample size. For the consumers (i.e., macrofauna), we
included d13C and d 15N data (non-aggregated over
time). Sampling date was included in the three macro-
faunal models as a continuous covariate, across which
consumer data were allowed to vary, as well as a static
covariance matrix independent of source covariance,
improving previous Bayesian SIMM assumptions (Stock
and Semmens 2016a). The latter choice was appropriate
because the resulting diet mixes are likely to depend on
unmeasured factors not linked to specialization of con-
sumers regarding sources or discrete feeding events
(Stock and Semmens 2016b). Rather, they likely reflect
some or all of the following, as well as other factors:
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variability in source abundance and natural hydrody-
namic processes determining what and how much car-
bon from each potential source reaches the seabed,
temporal variations in sediment conditions and the
structure of the macrofaunal community, and variation
in assimilation times across individual species. As local
benthic macrofauna included a large proportion of sus-
pension and deposit feeders (Appendix S1: Table S2)
with various ecological strategies, we assumed that
macrofauna, as the consumer in each of the three mod-
els, had direct access to any suspended particulate food
resources near the seabed. In the absence of detailed
dietary information for fauna at our study site, we
included the widely used tissue discriminatory factors of
1& and 3& for C and N, respectively, for all sources
(DeNiro and Epstein 1978, Wada et al. 1991, Phillips
et al. 2014). These were later verified against the stable
isotope determination results. The MCMC algorithm
parameters employed were chain length = 100,000; burn
in = 50,000; thin = 50; and chains = 3. MCMC conver-
gence was assessed based on Gelman-Rubin diagnostic
statistic and Geweke statistic calculations (Stock and
Semmens 2016a).
The same procedure was used to build a Bayesian
SIMM for meiofauna. Due to naturally low nitrogen
content of meiofauna, this model was built based on
d13C and POC only (i.e., one stable isotope, instead of
two). Due to the lower power of the resulting data set,
we had to exclude concentration data as well as the time
covariate in the meiofaunal model.
Initial tests for the model for sediments (BSed) indi-
cated that sediment depth as a factor did not increase
the convergence of the models, so we ran one single
model for sediments. However, initial biplots indicated
that sediment samples clearly separated along a d13C
gradient, with samples in March to September (summer)
being enriched in 13C relative to those in the remaining
months of the year (winter). In this model, we therefore
expressed the effect of time on our system using this
grouping as a fixed effect.
Benthic-pelagic process measurements: burial, sediment
flushing, and carbon mineralization
Processes involved in non-trophic sedimentary carbon
uptake (sediment flushing and burial) and loss (respira-
tion) were investigated. To this end, during each Station
L4 sampling trip, and from paired squared cores
retrieved from box core deployments, one core (~20 cm
deep) and the water overlying the sediment were col-
lected using an acrylic aquarium that had its bottom cut
off. This core was immediately sealed using a PVC shoe
fitted with a rubber and neoprene seal and was used for
bioturbation incubations (hereafter, bioturbation cores).
The second squared core from each box core (~20 cm)
was collected and transferred into a same-sized squared
aquarium using the method in Queiros et al. (2014), and
a profiling O2 optode sensor array mounted to it
(OxyMini, World Precision Instruments, similarly to
Queiros et al. [2014]). This second core was used for res-
piration and bioirrigation incubations (hereafter, bioirri-
gation cores). O2 optode sensors were calibrated prior to
each sampling date, following the manufacturer two-
point calibration protocol, and using 100% dissolved-
oxygen-saturated seawater and Zero Oxygen Solution
(Hannah Instruments, Woonsocket, RI, USA). All
aquaria were gently topped up using local seawater on
deck, and were individually aerated using diffusing air
stones and shaded during the 4–6 h transport to the
PML mesocosm laboratory. This is a temperature-con-
trolled room where the air temperature is regulated on a
monthly basis so that aquaria in the room follow the
seasonal temperature cycle of bottom seawater at Sta-
tion L4 (Findlay et al. 2008, Queiros et al. 2015a). On
arrival to the mesocosm laboratory, the temperature of
seawater overlying each core was recorded again, verify-
ing that it had not risen by more than 2°C. All cores
were then connected to a recirculating water system,
supplied using peristaltic pumps (~20 mL/min) from a
1-m3 batch of filtered seawater (10 lm and 1 lm hydrex
block carbon filters). This water had been collected at
L4 on the week prior to each benthic sampling date; it
was continuously aerated using diffusing air stones and
kept in the dark to prevent autotroph growth.
Carbon mineralization and bioirrigation incubations.—
Geochemical profiles and fauna in the bioirrigation
cores were allowed to resettle overnight in the labora-
tory. The following morning, each core was disconnected
from the recirculating water system and covered by a lid
onto which a motorized vane had been fitted, continu-
ously and gently stirring the water at 5 rpm, without
causing resuspension. Respiration and bioirrigation
incubations were initiated using the protocol that fol-
lows, for each core. These incubations were undertaken
primarily to investigate potential changes in bioirriga-
tion rates (i.e., exchange of fluid between sediment and
water column, hereafter, sediment flushing) and total
oxygen uptake (TOU, i.e., benthic community respira-
tion).
Sodium bromide (NaBr) was used as an inert tracer to
estimate bioirrigation rates (Forster et al. 1999). A pre-
weighed amount of NaBr was mixed with core water
and added to each aquarium to achieve a molarity of
10 mmol/L, given the measured water volume in each
full aquarium. At this stage, the dissolved oxygen con-
centration was measured at the sediment water interface
(0–0.5 cm deep) using the profiling O2 optode array (see
Queiros et al. 2014 for setup and measurement rate).
The motorized vane was then turned on and flow initi-
ated. A 10-mL water sample was collected 15 min after
tracer addition to determine the initial Br concentration,
using sterile syringes and falcon tubes that had been pre-
rinsed with 5 mL of this water twice. Each aquarium’s
lid was then sealed using biological grade silicon sealant
(Gold Label, Hotton Aquatic Products, Dorset, UK)
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and the cores left to incubate in the dark for 4 h. At the
end of this period, dissolved oxygen readings were taken
again using the optode system, followed by opening of
cores to collect a second Br sample, as before. Samples
were stored frozen at 20°C until analysis. Bioirrigation
rates (Lm2d1) were determined from the decrease in
bromide concentration in the water column between the
beginning and the end of incubations, indicating the net
volume of water entering the seafloor (Forster et al.
1999). Bromide concentrations were determined using
reversed-phase high performance liquid chromatography
(HPLC; Gazeau et al. 2014) using the technique detailed
in Appendix S2. The bioirrigation rate estimated in these
cores at each time point (sediment flushing, Lm2d1)
was then multiplied by the average concentration of
suspended POC measured in the water sampled from
multi-cores in the field on the same occasion (average of
measurements at 0 and 70 cm above the seabed), derived
via elemental analysis of SPOM filter samples and the
volume of water filtered on deck to acquire these sam-
ples (POC g/L). This calculation therefore quantified the
impact of faunal-mediated sediment flushing on the sed-
imentary uptake of POC (molm2d1), at each time
point.
Total oxygen uptake was determined from the change
in dissolved oxygen measured during the incubations
using the sediment-water interface optode sensor spot.
Optode readings (percent dissolved oxygen) were con-
verted into oxygen concentration considering the effects
of temperature and salinity on dissolved oxygen satura-
tion, according to Weiss (1970). The amount of CO2
respired (i.e., mineralized, DIC production, mol
m2d1) was approximated from these values via the
widely used respiration stoichiometry of 1:1, and a respi-
ration coefficient of 0.85, which accounts for an average,
potential uptake of oxygen by inorganic processes
(Glud 2008).
Burial of carbon via bioturbation.—On the day following
the bioirrigation assessments, bioturbation incubations
were initiated using the methods detailed in Queiros
et al. (2015b). Briefly, we used fluorescent particle trac-
ing (Mahaut and Graf 1987) within a UV time-lapse
photography setup (Schiffers et al. 2011) to measure
faunal sediment reworking activity within bioturbation
cores, over seven days (hereafter, bioturbation). Orange
luminophores were used as a fluorescent particle tracer
(Appendix S1: Fig. S2), which had been custom made by
Partrac Ltd (Heatfield, UK) to match the sediment
granulometry at the benthic site of Station L4. The tra-
cer serves as a proxy for particulate material deposited
at the surface of the sediment, and its net transport
below the sediment surface, at the end of the incuba-
tions, therefore approximates net sediment burial rates
driven by macrofauna bioturbation. The resulting net
transport of sediment below the sediment surface was
estimated as [100%  percentage of tracer left at the ini-
tial tracer layer depth] at the end of the incubation (%/
d). For each sampling occasion, this rate was multiplied
by the average estimated POC available at the same sedi-
ment depth, based on the POC content measured in the
surficial sediment layer in the field (0–2 cm) via elemen-
tal analysis of BSed samples (POC mol/m3). This calcu-
lation was then used to quantify the impact of
bioturbation on the rate of burial of POC below the sed-
iment surface (molm2d1), at each time point. This
value was added to the estimated rate of POC flushing
via bioirrigation to estimate a minimum rate of POC
uptake rate in sediments, based on these faunal-
mediated processes. The proportion of this POC flux
associated with material of macroalgal origin was esti-
mated based on the corresponding use of macroalgal
detritus in faunal diets, estimated from the BSIMMs.
Net carbon sequestration estimates.—The two types ben-
thic-pelagic processes measured (uptake and mineraliza-
tion) are mediated by seabed communities and
contribute to determining the fate of organic carbon
available to the seabed (Snelgrove et al. 2018). We used
these measurements to inform the potential for sedi-
ments to serve as a blue carbon sink, both in terms of
the macroalgae detritus and overall POC storage. At
each sampling point, we then estimated a theoretical
minimum carbon sequestration: (1) assuming that DIC
production was entirely fueled by mineralization of POC
that entered the seabed and (2) considering the propor-
tion of net POC sequestered within the seabed via those
mechanisms that had macroalgal origin. We estimated 1
as the total POC uptake mediated by fauna (via biotur-
bation and bioirrigation) minus the DIC produced. We
estimated 2 by multiplying the average contribution of
macroalgae to macro- and meiofauna diets by 1, given
that these are the organisms mediating the benthic-pela-
gic uptake processes we measured. Additional processes
contributing to uptake, such as sedimentation, would be
expected to increase net sequestration.
RESULTS
Shore surveys: macroalgal detritus loss
A high relative proportion of young individuals of two
of our four focal macroalgal species (F. serratus and
H. elongata) was found at both shores during autumn
and winter, reflecting the large seasonal loss of reproduc-
tive biomass and post-reproductive fronds to coastal
waters (Knight 1947, Moss 1969). This effect was partic-
ularly evident during sampling between September 2015
and January 2016. Well-developed reproductive fronds
were observed again on surveyed shores from March
2016. Two other shore species were sampled: L. hyper-
borea and S. latissima. They are largely abundant in bio-
mass locally (UK Archive for Marine Species and
Habitats Data), being pseudoperennials (long-lived and
short-lived, respectively) with continued loss of small,
distal detritus throughout the year, accentuated by loss
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of whole, old blades between spring and autumn (Parke
1948, L€uning 1971, Sjøtun 1995). Loss of whole individ-
uals (with stipe) is also known to occur during large
storms, from late summer and through winter, leading to
conspicuous beach stranding of whole individuals of
both species (Smale and Vance 2015; Queiros, personal
observation).
Macroalgal detritus in L4 sediments
eDNA corresponding to 148 distinct macroalgal taxa
belonging to 34 orders of red, green, and brown algae,
were identified within the sediment at Station L4
(Appendix S1: Table S1). Minimum percent homology
reported in the table provides a measure of confidence in
each of the sequences reported (“match”) and the
sources and quality of NCBI sequences used within this
supplementary table were carefully checked to ensure
they were genuinely macroalgal DNA sequences. eDNA
from all except two out of 16 orders of macroalgae previ-
ously reported in the region (UK Archive for Marine
Species and Habitats Data) occurred within sediments,
at least at some time during the year. Focusing on spe-
cies sampled on the shore, all sequences identified as
Laminaria spp., Saccharina spp., Fucus spp., and Himan-
thalia spp. were aligned against those found within the
NCBI database (Fig. 2a). F. serratus was found only
between January and May and H. elongata was not
found during autumn (Appendix S1: Table S1). The
fragment of the 18S rRNA gene utilized in this study is
not sufficient to differentiate between the Laminariaceae
L. hyperborea and S. latissima, which are grouped clo-
sely based on likelihood and bootstrap analyses
(Fig. 2a). Sequences grouping with these Laminariaceae
could be detected throughout the year, as would be
expected based on the local phenology of these two spe-
cies (Fig. 2a, Appendix S1: Table S1). Overall, the taxo-
nomic composition of macroalgal eDNA in sediments
varied significantly between sampling dates (Fig. 2b,
ANOSIM Global R = 0.335, P < 0.001). Early year
samples (January and March) were the most dissimilar
from all others and from each other (ANOSIM pairwise
tests using date as grouping, P < 0.005), and November
exhibited intermediate composition between this group
and all other samples. Sediment samples from May–
September 2015 and May 2016 were similar in macroal-
gal DNA composition (ANOSIM pairwise tests using
date as grouping, P > 0.05).
Isotopic tracing of sources of organic carbon entering the
benthic system
Seasonal variation in environmental conditions and
organic matter pools.—Tracing organic matter using
stable isotopes, from sources to potential sedimentary
sinks, requires an understanding of how these signals
may themselves vary at sources (Parnell et al. 2013). The
water column conditions at Station L4 exhibited marked
seasonality (Fig. 3), which was apparent in the stable
isotope of dissolved inorganic carbon in bottom waters
(DIC, Fig. 3a). Bottom seawater was enriched in 13C in
spring and summer compared to winter, with d13C
decreasing by as much as 4.40& (and 5.21&) 70 cm
above (and at) the sediment–water interface. This pat-
tern could be seen to suggest net autotrophy at L4 dur-
ing the growing season in spring and summer months
(Fig. 3a), during which light C isotopes are preferen-
tially taken up by primary producers, enriching the d13C
of DIC (Fry 2007). However, the light attenuation coeffi-
cient at the site rules out this hypothesis: <1% of light
reaches the 48 m deep seabed (Appendix S1: Fig. S3),
suggesting instead that primary produced organic matter
arriving at L4 is allochthonous (as noted by Tait et al.
2015). Seasonal variations of d13C of bottom water DIC
at L4 are consequently interpreted as more likely to
reflect intense photosynthetic activity in surface waters
during the spring and into autumn and seasonal diver-
sity in the mechanisms of organic matter degradation
and availability near the seabed.
The elemental content and stable isotope characteriza-
tion of all sources used in our Bayesian SIMMs
(Table 1a; two macroalgae communities, SPOM at
70 cm above the seabed, and phyto- and zooplankton)
highlight seasonal variability in d13C as well as d15N in
these POC and TPN pools. This variability was included
as the standard deviation around the mean in the source
input matrix used in all Bayesian SIMMs. These esti-
mates (Table 1a) follow the general expectation of a gra-
dient of increased depletion in d13C of resources, from
nearshore to offshore (Miller and Page 2012). Indeed,
we found a good separation between planktonic (off-
shore) and macroalgal (onshore) communities, support-
ing their use as distinct sources of organic matter in our
Bayesian SIMMs, and overcoming some of the difficul-
ties challenging previous work (Hill et al. 2015). Differ-
ences in the stable isotope signatures of phyto- and
zooplankton corroborate the expected trophic enrich-
ment factor of 1& and 3& for d13C and d15N
(Table 1a), and indicate that our sampling strategy for
these pools was also adequate. We used these factors in
our Bayesian SIMMs. POC and TPN content for all
sources were also calculated and used in the Bayesian
SIMMs (Table 1a). Their concentration relative to sea-
water volume was additionally calculated for phyto- and
zooplankton (assuming maximum net efficiencies of
95%), and SPOM70 (Table 1a).
The two macroalgal communities sampled were suffi-
ciently isotopically distinct over the seasonal cycle to jus-
tify their separation as separate sources in the Bayesian
SIMMs (Table 1a). However, we were not able to con-
sider as many sources due to model power constrains.
Initial modeling tests indicated that macroalgae from
Rame Head had a higher probable contribution to
macrofaunal diets than those from Plymouth Hoe
(Fig. 1), with detritus release from the former therefore
more likely to represent a route of connectivity between
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FIG. 3. Seasonal cycle of environmental conditions at Station L4, relative to sampling date, as measured using multi-corer sam-
ples (a, benthic site) and CTD profiles (b–d, main site). (a) Carbon stable isotope of dissolved inorganic carbon (DIC) in seawater
near the seabed at Station L4’s benthic site. Measurements were undertaken in bottom water (0 cm, light blue), and 70 cm above
the seafloor (dark blue). Box plot components are mid line, median; box edges represent the 1st and 3rd quantiles; whiskers repre-
sent the maximum and minimum; and dots are maximum or minimum when less than four samples were available. (b) Contours
give seawater temperature (°C) depth profiles (yy, y-axis; m, meters). (c) Contours give dissolved oxygen molarity depth profiles (yy,
y-axis, m, meters). (d) Contours give seawater salinity (PSU) depth profiles (yy, y-axis; m, meters).
FIG. 2. Macroalgal species identified in L4 sediments using eDNA sequencing. (a) The 18S rRNA gene sequences identified as
a close match to our four focal species, alongside previously reported sequences and their accession numbers. The number of
sequences clustered within each OTU is shown in parentheses. The tree topology is based on maximum likelihood and bootstrap
analysis was performed with 1,000 replications (MEGA5). (b) Nonmetric multidimensional scaling (NMDS) plot illustrates the
Bray-Curtis similarity of sediment samples, considering individual macroalgal taxon sequence counts, with colors identifying the
sampling date and numbers identifying individual sediment samples.
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shore macroalgae and L4 sediments than the latter. The
final Bayesian SIMM estimates therefore include data
from the Rame Head macroalgal community only, not
both communities.
The elemental content and isotopic characterization
of L4 sediments and fluff layer indicate that the d13C of
POC did not vary markedly with sediment depth,
though d15N exhibited 15N enrichment with depth
(Table 1b). Considering the average marine sediment
wet bulk density of 1.7 kg/L (Tenzer and Gladkikh
2014), we also scaled POC and TPN content measure-
ments per unit of volume of sediment (wet mass,
Table 1b). The seasonal variability of POC content with
depth, from 70 cm above the sediment water interface to
10 cm within the sediment (mg/L) could then be calcu-
lated (Appendix S1: Fig. S4). POC content generally
increased along this depth profile, and peaked in May
and September months, potentially reflecting both
plankton blooms as well as the loss to detritus from sev-
eral macroalgal species along the shores (Parke 1948,
L€uning 1971, Sjøtun 1995, Tait et al. 2015).
Sources of organic matter assimilated by sedimentary
macrofauna.—Biplots, illustrating the stable isotopic sig-
natures of macrofauna at 0–2, 2–6, and 6–10 cm relative
to the studied sources (phyto- and zooplankton,
macroalgae, and SPOM; Fig. 4a–c), indicate that the
d13C ranges of organic carbon in macrofauna occur well
within the ranges of sampled sources. Zooplankton has
a higher d15N range than benthic invertebrates, and this
may reflect the proportion of higher trophic level species
(e.g., fish larvae) in the community at certain times of
year (Reygondeau et al. 2015).
The corresponding Bayesian SIMMs (Fig. 4d–i)
exhibited convergence, with a Gelman-Rubin diagnostic
within the range [1, 1.05] and the Geweke statistic within
[2, 2] (Stock and Semmens 2016a). The correlation
between the isotopic signature of SPOM and each of the
other sources considered in the Bayesian SIMMs (phyto-
and zooplankton, and macroalgae Appendix S1:
Fig. S5) indicates that organic matter of origin other
than these explicit sources (i.e., diffuse origin and poten-
tially including terrestrial material) was an important
part of this pool, as expected in this relatively near shore
environment (Smyth et al. 2015).
Each source’s estimated contribution to macrofaunal
diets is not an instantaneous snapshot, but rather a
reflection of assimilation over time, so some lag could
occur between the maximum uptake of a given food
source and a change in a consumer characterization
(Middelburg 2014). The posterior probability distribu-
tions indicating diet partitions for macrofauna at differ-
ent sediment depths were estimated in two ways:
aggregated over the seasonal cycle (Fig. 4d–f), and parti-
tioned over time (Fig. 4g–i). For fauna at the sediment
surface (Fig. 4d), each food source contributes about
one-quarter of the seasonally aggregated diet (macroal-
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zooplankton, 26.3%  19.7%; SPOM70, 24.3%  19.1%
[mean  SD]). Two patterns emerge as the distance to
the sediment–water interface increases (2–6 cm and 6–
10 cm sediment layers, Fig. 4e, f): (1) the uptake of
macroalgae and phytoplankton in diets decreases and
(2) the uptake of zooplankton material and SPOM70
increases. Consequently, at 6–10 cm depth in the
sediment, diets are strongly dominated by zooplankton
material and seaweeds contribute very little (macroal-
gae, 8.6%  9.5%; phytoplankton, 26.5%  20.1%;
zooplankton, 37.5%  20.7%; SPOM70, 27.4%-
 20.2%). The large variability observed in these sea-
sonally aggregated posterior probability distributions
reflects the marked seasonality of macrofaunal diet
FIG. 4. Bayesian stable isotope mixing modeling results for macrofauna. Sources are phyto- and zooplankton (Phyto and Zoo),
macroalgae (Algae), and suspended particulate organic matter from 70 cm above the sediment surface at the coastal site (SPOM70).
(a–c) Biplots showing the stable isotope signatures of sources and macrofauna over the seasonal cycle (a, 0–2 cm; b, 2–6 cm; and
c, 6–10 cm. (d–f ) Posterior probability distributions for each source’s contribution to macrofauna diets when all sampling dates
were combined (d, 0–2 cm; e, 2–6 cm; and f, 6–10 cm). (g–i) Posterior probability distributions for each source’s contribution to
macrofauna diets relative to sampling date (g, 0–2 cm; h, 2–6 cm; I, 6–10 cm). There were seven sampling dates, two months apart,
with date 1 = May 2015; date 7 = May 2016.
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partitioning, across the different sediment depths
(Fig. 4g–i, seven sampling occasions starting in May
2015 and ending in May 2016). At the surface (Fig. 4g),
diets are dominated by zooplankton from early summer
and into autumn; macroalgae and SPOM70 are impor-
tant during winter; and phytoplankton dominates from
the onset of the spring bloom. At 2–6 cm (Fig. 4h), zoo-
plankton still dominates diets in the same period as at
the surface, but diet proportions change for the other
food sources, with SPOM70 becoming a more important
resource from the autumn onward. At 6–10 cm (Fig. 4i),
SPOM70 dominates diets from early summer and into
autumn, with a peak in the zooplankton contribution
(and to a very small extent, that of macroalgae) during
the autumn bloom, and phytoplankton dominates again
from the onset of the spring bloom.
Sources of organic matter assimilated by meiofauna.—
The Bayesian SIMM used to estimate meiofaunal diet
apportionment (Fig. 5) exhibited convergence, with Gel-
man-Rubin diagnostic within the range [1, 1.05] and the
Geweke statistic within [2, 2] (Stock and Semmens
2016a). Given that the seasonal cycle is aggregated in
this model (no time covariate), the posterior probability
distributions of meiofaunal diet contributions suggest
that zooplankton and macroalgae are the most impor-
tant food sources (macroalgae, 36.3%  14.1%; zoo-
plankton, 26.6%  19.5%;), above phytoplankton and
SPOM70 (phytoplankton, 22.7%  16.9%; SPOM70,
14.3%  19.5%).
Sources of organic matter found in L4 sediments.—The
Bayesian SIMM for sediments, with sedimentary stable
isotopic signatures relative to studied sources, shows a
clear temporal progression in sedimentary POC signa-
tures (Fig. 6a). This pool exhibited enriched d13C values
during spring and summer, becoming more depleted in
13C through the end of summer and into winter. This
variation seemed to reflect primarily a loading of the
system with zooplankton material during spring and
summer (Fig. 6b), when this source contributed
84.0%  24.6% of organic matter in sediments. Tighter
links between sediment and SPOM were measured dur-
ing winter months (Fig. 6c, SPOM70 contributed
90.3%  8.1% to this organic matter pool). Other stud-
ied sources, including seaweed detritus, appeared to have
a smaller direct contribution to the organic matter in L4
sediments, throughout the year. The corresponding
Bayesian SIMM illustrated (Fig. 6b–c) exhibited conver-
gence, with Gelman-Rubin diagnostic within the range
[1, 1.05] and the Geweke statistic within [2, 2] (Stock
and Semmens 2016a).
Net sequestration of POC at the seabed: blue carbon
fluxes
We estimated the minimum net POC sequestration,
and net macroalgal organic carbon sequestration within
the seabed (Fig. 7). Throughout the seasonal cycle
(Fig. 7a), both fluxes were positive with the exception of
January 2016, when POC uptake was very low. POC
uptake peaked in May, leading to a net POC sequestra-
tion of 12.87 molm2yr1 in 2015 (and 10.92 mol
m2yr1 in May 2016, Fig. 7a). The corresponding
peaks in net sequestration of macroalgal organic carbon
at L4 sediments were 1.92 molm2yr1 in 2015 (and
1.63 molm2yr1 in May 2016, Fig. 7a). May was also
the month when POC availability on the seabed was
highest (Appendix S1: Fig. S4). Both fluxes exhibited
marked seasonality in magnitude, as expected. The esti-
mated annual average net blue carbon sequestration was
4.89  5.50 molm2yr1, and the annual average net
FIG. 5. Bayesian stable isotope mixing model results for meiofauna. Sources are phyto- and zooplankton (Phyto and Zoo),
Rame Head shore macroalgae (Algae), and suspended particulate organic matter from 70 cm above the sediment (SPOM70).
(a) Biplot showing the stable isotope signatures of sources and meiofauna (dots; 0–2 cm sediment), over the seasonal cycle.
(b) Posterior probability distributions for meiofauna diet contributions of each source, when all sampling dates were combined.
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sequestration of macroalgal blue carbon was
0.73  0.82 molm2yr1 (Fig. 7b) at the site.
DISCUSSION
Here, we have gathered important evidence that sup-
ports the view that connectivity between shore macroal-
gae and distal coastal sediments has a key food web role,
and that it should be considered within blue carbon
schemes (Hill et al. 2015, Smale et al. 2018). Specifically,
using three lines of evidence (Bayesian SIMMs, eDNA,
and process measurements) we demonstrated that
macroalgal detritus, along with POC of different origins,
enters the benthos of the coastal deep ocean and its food
web, supporting a net positive carbon flux into the
seabed annually. As predicted by others, we found this
flux to occur throughout most of the year, unlike in
other blue carbon habitats (Hill et al. 2015). Its magni-
tude is, however, markedly seasonal, reflecting processes
intrinsic to the macroalgal community, as well as those
driving detritus transport between donor shores and
sink sediments. Focusing on a subset of the processes
contributing to detritus uptake by the seabed, we high-
lighted that this flux exceeds mineralization rates most
of the year, and should contribute to an annual growth
of sedimentary carbon stores. Additionally, we found
that it is not only the microbial loop that determines the
fate of macroalgal detritus in sediments, as previously
suggested (Rieper-Kirchner 1990). Rather, trophic and
non-trophic processes mediated by seabed fauna make
important contributions to the associated carbon fluxes,
as highlighted in a recent global study (Snelgrove et al.
2018). Accounting for these contributions under blue
carbon schemes will still require further data refinement
via field measurements and transport model develop-
ment. This study supports the view, however, that there
is no reason to continue to ignore that carbon leakage
from macroalgae habitats is a fundamental transport
pathway involved in the global blue carbon capacity of
the ocean, supporting the growth of receiving sinks on
the seabed (Duarte et al. 2013, Hill et al. 2015, Krause-
Jensen and Duarte 2016, Krause-Jensen et al. 2018).
These sinks also occur in the deep coast.
Macroalgal detritus enters the seafloor of the coastal
ocean
Studies that previously found macroalgal detritus to
be an important organic carbon resource to coastal ben-
thic communities (Polis et al. 1997, Krumhansl and
Scheibling 2012) have at times been questioned given
challenges in the sampling design and techniques
employed in natural settings (reviewed by Miller and
Page 2012). Taking these views into account, we
deployed a robust sampling design and an array of com-
plementary analytical approaches to overcome limita-
tions. For instance, we used eDNA sequencing and bulk
stable isotope analysis as complementary biotracing
techniques (Nielsen et al. 2018), and both approaches
indicated that macroalgal detritus enters deep coastal
sediments. eDNA in sediments was indeed composed of
that of many locally occurring macroalgal taxa, and the
degree of match between each identified taxon and exist-
ing sequences within BLAST determines the confidence
that can be placed in the origin of each material. The
analysis of these data allowed us to achieve a high taxo-
nomic discrimination of detritus, and thus to further
identify how the regime of supply can be linked to the
seasonal life-history processes of macroalgae. Specifi-
cally, detritus supply occurred year round, and the com-
position of macroalgal DNA in sediments varied
through the year. The analysis of focal species allowed
FIG. 6. Bayesian stable isotope mixing model results for organic matter in sediments at L4 (0–10 cm). Sources are phyto- and
zooplankton (Phyto and Zoo), macroalgae (Algae), and suspended particulate organic matter from 70 cm above the sediment sur-
face (SPOM70). (a) Biplots showing the stable isotope signatures of sources and sediments over the seasonal cycle, with s denoting
samples collected in the months between March and September, and w denoting samples in November to January. (b and c) Poste-
rior probability distributions for each source’s contribution to sedimentary organic matter in March to September and November
to January, respectively.
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us to link these patterns to species-specific patterns of
detritus export, as had been documented for kelp
(Filbee-Dexter et al. 2018). The lag times we observed
between primary release periods and eDNA in sediments
(H. elongata and F. serratus) potentially reflects differ-
ent characteristics in the transport of the detritus
exported between shore and sink. These could have
included different surface cf. water column transport
times, degradation rates, and amount of detritus pro-
duced relative to the overall eDNA pool, among other
aspects. The connectivity between macroalgae and
sedimentary systems is thus not driven by physical pro-
cesses alone (e.g., transport via currents and waves,
gravitational detritus sedimentation). Furthermore,
macroalgal detritus reaching coastal seabeds may not
necessarily originate in proximate shores, drifting along-
and offshore, covering considerable time and distance
(Filbee-Dexter and Scheibling 2016). Despite this
dynamic nature of the coastal ocean, it has been sug-
gested that a large fraction of macroalgal detritus can
still be retained coastally (Krause-Jensen and Duarte
2016, Smale et al. 2018). Our findings support this per-
spective, with our benthic study site located 13 km from
the shore of Plymouth, at 48 m depth.
Net macroalgal carbon sequestration estimates were
positive throughout, with the exception of one sampling
occasion (January 2016) when POC supply to the seabed
was very low. Although we did not age the carbon of our
sediments, and thus cannot ubiquitously ascertain the
residence time of this material within sediments, the
three lines of evidence we pursued do suggest that
macroalgal detritus contributes to net growth of coastal
sedimentary POC stores. We did not choose this sedi-
mentary site with prior knowledge of this connectivity
and it is therefore likely that many other similar regions
of the coastal ocean may retain macroalgal detritus (and
carbon), outside of systems more frequently identified as
blue carbon habitats (mangroves, seagrass beds and salt
marshes). Identifying the location of hotspots for this
sequestration will be an important step toward the inclu-
sion of connected macroalgal-sediment systems within
blue carbon management actions aimed at climate
change mitigation.
Macroalgal detritus: a resource to distal coastal benthic
food webs
Macrofauna and meiofauna at the surface of sedi-
ments are ideally placed to uptake food resources avail-
able in bottom waters. Macroalgae appeared to be an
organic matter source preferentially assimilated by both
groups (cf. Rieper-Kirchner 1990, Hill et al. 2015), as
found in other systems (Renaud et al. 2015). Fauna posi-
tioned further away from the sediment water interface
appeared instead to assimilate other food resources pref-
erentially. These results potentially indicate that
macroalgal detritus as a resource enters the benthic food
web firstly near the sediment water interface. Once this
material has been assimilated and metabolized there, it
becomes increasingly difficult to establish how subse-
quently egested material, or degrading faunal biomass,
may lead to the further recycling of macroalgal derived
organic matter in sediments. Specifically, using bulk
stable isotope signatures, we were unable to ascertain the
subsequent processing of this material within the food
web, as isotopic signatures may be modified during
organic matter decomposition. These two findings (pref-
erential resource uptake at the surface, and uncertainty
in isotopic changes during decomposition) may explain
a
b
FIG. 7. The connected macroalgal–sediment system at Sta-
tion L4. (a) Seasonal variability of biologically mediated pro-
cesses influencing net POC sequestration at the seafloor,
according to the availability of particulate organic carbon
(POC) at the sediment near the seabed (Appendix S1:
Fig. S4).Circles show total POC uptake (bioturbation and bioir-
rigation); squares show dissolved inorganic carbon (DIC) pro-
duction; blue line shows blue carbon sequestration (total);
green line shows seaweed blue carbon sequestration. (b) Season-
ally averaged C fluxes and contributions to faunal diets.
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why we found such a small contribution of macroalgae
to sedimentary organic carbon stores relative to other
organic matter sources, despite the positive carbon
fluxes we measured. Indeed, complementing the eDNA
analysis, we used bulk stable isotopes as a second bio-
tracing method, applying state-of-the-art Bayesian
Stable Isotope Mixing Modeling for the analysis of these
data. Importantly, this method allowed us to tackle vari-
ability in sources, as measured over the seasonal cycle, as
well as unknown sources of error and uncertainty in diet
mixes assessed at the benthic community level (Parnell
et al. 2013, Stock and Semmens 2016a,b). However, a
lack of prior knowledge about the connectivity of the
sedimentary study site to shore macroalgae prevented us
from using relatively more refined biotracing methods
that would have potentially allowed us to trace the mate-
rial further through the food web, e.g., through the use
of fatty acid profiles or compound-specific isotope anal-
ysis (Abdullah et al. 2017, Nielsen et al. 2018). Fatty
acids are modified in consumers, requiring a priori
knowledge of how this process occurs for each source
and consumer pair: we did not have this information,
and this would have been challenging in a community
level study such as this one. In addition, compound
specific stable isotope analysis is a relatively newer bio-
tracing approach, and as different compounds may exhi-
bit markedly different integration time in consumers,
this technique would have also been difficult to apply in
this study (Nielsen et al. 2018). The evidence we uncov-
ered here could guide future work employing these tech-
niques to further resolve the subsequent processing of
macroalgal detritus through this food web (and sedimen-
tary stores).
The analysis of bulk stable isotopes requires detailed
understanding of the studied system (Phillips et al.
2014), so we took great care in the interpretation of our
findings. We sampled potential organic matter sources
as comprehensively and accurately as possible, achieving
a sound discrimination of sources. Notably, the trophic
enrichment we measured between phyto- and zooplank-
ton lends confidence to our plankton sampling method-
ology (DeNiro and Epstein 1978), as did the general
depletion of d13C from the shore to offshore sources,
and the low correlation we found between each of the
other sources and SPOM. The latter indicates that, while
very small, potentially degrading macroalgae and plank-
ton may have been captured in our SPOM samples,
organic matter of different origin was also captured, and
this consideration was important in our modeling, given
that our study took place near an estuary, influenced by
terrestrial runoff (Smyth et al. 2015). Furthermore,
while suspension and deposit feeders dominated our fau-
nal communities, carnivores were also part of those com-
munities (SI; meiofaunal community data not shown).
Indeed, macrofauna also prey on macro- and meio-
fauna, and predators in the meiofauna community will
prey on meiofauna and on macrofauna larvae. The
effects of carnivores on the stable isotopic signature of
macrofauna communities appeared to increase with sedi-
ment depth, as reflected in higher average d15N of
macrofauna at depth. However, as macro- and meio-
fauna were assessed as end consumers at the community
level in our Bayesian SIMMs, we were unable to con-
sider benthic fauna as food sources in our analyses. Con-
sequently, our analytical approach did not allow us to
discriminate between the uptake of zooplankton and
subsurface carnivory, because zooplankton had the most
similar isotopic signature to that of higher trophic level
benthic fauna. It is thus possible that this may have led
to somewhat inflated estimates of zooplankton contribu-
tions to benthic diets (as well as to sedimentary organic
matter stores).
In the same way that macroalgal life histories were
found to affect detritus supply, benthic-pelagic coupling
processes driven by sedimentary communities as those
measured here (and their natural variation) are deter-
mining factors establishing whether detritus available at
the seafloor becomes sequestered (Queiros et al. 2015b,
Snelgrove et al. 2018). Improving the modeling tools we
use to estimate blue carbon sequestration in the coastal
and the global ocean must therefore acknowledge that
this is a service mediated by oceanic biota, which, in
addition to physical processes, affect these and other
global carbon fluxes (Snelgrove et al. 2018). This com-
plexity is measurable, and its management not insur-
mountable, as demonstrated by ecosystem-based
management of other sectors affecting marine resources,
including fisheries and conservation, more widely.
Net sequestration of organic macroalgal carbon in coastal,
deep sediments and other important POC fluxes
Of the estimated 1,521 Tg C/yr global net primary pro-
duction of macroalgae, it is estimated that 323 Tg C/yr
are exported from shorelines as POC, with 89% of this
material assumed to stay in the coastal ocean (reviewed
by Krause-Jensen and Duarte 2016). These estimates
remain largely unconstrained by field measurements,
with few, existing data sets derived predominantly from
laboratory studies. Further estimates of what fraction of
this carbon are sequestered or re-mineralized coastally
are thus largely missing. Based on our 13 month study,
we estimate that the average magnitude of net macroal-
gal POC sequestration at our site is 0.73 mol Cm2yr1
(8.75 g Cm2yr1), as part of a net POC sequestration
rate of 4.89 mol Cm2yr1 (58.74 g Cm2yr1). The
latter is in line with the estimated average global shelf
sea POC flux of 4.37 mol Cm2yr1 (Krumins et al.
2013).
To further constrain the connectivity between sedi-
mentary sites such as ours, and distal macroalgal beds
contributing to POC sequestered locally, measurements
of detritus production by whole macroalgal communities
are needed. These are difficult to come by, and indeed
do not exist at present in our study region. However, we
were able to compare our estimates with measurements
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of detritus production by L. hyperborea, which domi-
nates macroalgal standing stocks around Plymouth
shores (Pessarrodona et al. 2018). Considering that
value (100.6–202.4 g Cm2yr1; Pessarrodona et al.
2018), we estimate that as much as 4–9% of macroalgal
POC released annually as detritus from our studied
shores may become sequestered in these deep, coastal
sediments. These values are relevant in a climate change
mitigation context.
Differences between individual study designs (time of
year sampled, variation within site) and techniques
employed (differences in sensor technology, measure-
ments, setups) may challenge comparisons of this type
of studies across the literature. Nevertheless, under-
standing the role of connected systems within global
ocean blue carbon, and the wider carbon cycle, necessi-
tate such an approach, and a focus on (total) net POC
fluxes. Accordingly, the net POC flux we measured
(58.74 g Cm2yr1) equates to 26%, 27%, and 37% of
POC fluxes estimated within mangroves, salt marshes,
and seagrass beds, respectively; systems more frequently
identified as blue carbon habitats (as reviewed by
Howard et al. 2017). Our measured macroalgal POC
sequestration (8.75 g Cm2yr1), representing 15% of
the measured net POC sequestration, corresponds to 4–
5% of POC fluxes estimated in those other systems
(Howard et al. 2017). These values are relevant, given
that mangroves, salt marshes, and seagrass beds are
readily recognized as important marine carbon sinks,
but connected macroalgal-sediment systems are not, and
are thus not typically considered under blue carbon con-
servation efforts (Krause-Jensen et al. 2018). Let us then
further consider the UK extension of the type of sedi-
mentary habitat we assessed (European Nature Informa-
tion System’s seabed type A5.25/26, Circalittoral fine
sand and muddy-sand, Coates et al. 2016). Taking this
extension, we can scale our measurements further to a
net flux of 0.70 Tg C/yr representing the total macroal-
gal carbon sequestered in this type of habitat in the UK
alone. If 323 Tg C/yr are exported from shorelines glob-
ally as particulate organic carbon (as reviewed by
Krause-Jensen and Duarte 2016), circalittoral fine sand
and muddy-sand in the UK may sequester 0.2% of that
organic carbon annually: a non-negligible value. Simi-
larly, we estimate that the net POC sequestered in this
type of habitat in the UK is 4.70 Tg C/yr.
As with any scaling exercise, some uncertainty is asso-
ciated with the estimates presented here. For instance,
we use the annual average of our seasonal measure-
ments; assume, theoretically, that DIC production is
entirely fueled by mineralization of macroalgal carbon
(or POC); and that carbon sequestration rates are invari-
able across the habitat we assessed. Furthermore, in
these very open, connected systems, natural variation in
the processes that determine that connectivity, as well as
input and output processes at their boundaries, may pro-
vide additional sources of uncertainty, which may be dif-
ficult to resolve fully at the ecosystem scale.
Constraining these estimates in similar sedimentary sys-
tems in other parts of the globe, with similar field mea-
surements, can provide an important quantitative basis
to develop future climate change mitigation policy for a
blue carbon scheme that considers connected macroal-
gal-sedimentary systems (as argued by others; Krause-
Jensen et al. 2018). While these systems are not consid-
ered, current global efforts to protect vital ocean carbon
stores that prevent CO2 gas from returning to the atmo-
sphere continue to underestimate the sequestration
potential of the coastal ocean. Further measurements of
dissolved organic carbon production generated by
macroalgal communities, and its potential benthic
uptake (which we did not measure) could further
increase global significance of the sequestration fluxes
we estimate (Krause-Jensen and Duarte 2016).
Managing global blue carbon toward climate change
mitigation
At present, a practical requirement to consider any
system as a blue carbon sink within climate change miti-
gation policies and actions, is the need to provide a
means to promote carbon storage above a natural base-
line (reviewed by Krause-Jensen et al. 2018, Sutton-
Grier and Howard 2018).This is a fundamental aspect
that incentivizes practical management solutions within
mangroves, seagrass beds, and salt marshes as blue car-
bon systems, recognized as one-stop donor and sink
habitats. However, a wider scope could be seen as a nec-
essary step toward realizing global blue carbon manage-
ment more widely. Human activities can significantly
modify the productivity of macroalgal communities
through perturbations of community structure (Lyons
et al. 2014, Filbee-Dexter and Scheibling 2016), which,
as seen here, has the potential to modify detritus supply
regimes. Human activities impacting the soft sediment
systems that compose 80% of the ocean floor can also
significantly reduce the ability of marine sediments to
store organic carbon (Hale et al. 2017). This change can
occur as a direct result of physical disturbance to organic
carbon stores, or indirectly, through a modification of
sedimentary faunal communities that, in addition to
physical processes, mediate associated benthic-pelagic
carbon fluxes (Queiros et al. 2006, Hale et al. 2017,
Snelgrove et al. 2018). Minimizing disturbance to
onshore macroalgae and the seafloor through the man-
agement of coastal nutrient supply, and of destructive
techniques such as bottom fisheries, aggregate extrac-
tion, and seabed mining, could therefore have net posi-
tive effects on natural blue carbon stores supported by
connected macroalgal–sediment systems. That is, bene-
fits could be derived not only from increased storage
above a baseline, but rather by limiting activities (man-
aged spatially and temporally) to prevent the degrada-
tion of natural processes that otherwise contribute
toward the blue carbon provided by connected macroal-
gal–sediment systems. This perspective is likely to apply
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also to other connected blue carbon systems (Hill et al.
2015, Smale et al. 2018). When we consider the seques-
tration fluxes we measured; that macroalgae are the most
productive marine macrophytes globally (Mann 1973,
Smith 1981); and the wide distribution of soft sediment
beds across the ocean, there is thus real gain to be had in
preventing the disturbance of these donor and sink habi-
tats. For connected blue carbon systems to become part
of climate change mitigation policies, future research
must now aim to provide a stepped improvement in our
ability to link specific shore macroalgae communities
with seabed detritus accumulation hotspots, e.g.,
through improved particle tracking modeling or other
approaches (Filbee-Dexter and Scheibling 2016). These
developments will require improved understanding of
how different macroalgal materials are released from the
shore (i.e., different species ecologies, different mechani-
cal properties); when and how they degrade; detailed
physical modeling of the coastal and open ocean; and an
improved ability to model sinking of detritus to the sea-
floor. Genomic analyses could also be used to robustly
match sources of macroalgal DNA on the seafloor to
growing populations, as previously done for beach-cast
kelp (Fraser et al. 2018). Once hotspots can be identi-
fied, targeted carbon flux measurements can be under-
taken to quantify net sequestration, including
biologically mediated processes, as done here. Given
these current gaps in knowledge, mangroves, seagrasses,
and salt marshes still presently represent our best bet at
managing blue carbon toward climate change mitigation
(Sutton-Grier and Howard 2018). And yet, those sys-
tems are likely to represent but a fraction of the global
blue carbon service delivered by the ocean (Krause-Jen-
sen et al. 2018). Studies such as this one help pave the
way for wider global blue carbon accounting and man-
agement strategies: these must now strive to include
donors as well as sink habitats, and recognize their con-
nectivity.
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